Abstract: Humans create ecologically simplified landscapes that favour some wildlife species, but not others.
INTRODUCTION
Some wildlife species survive or prosper in the environments modified by humans. Here, we test the hypothesis that wildlife that are synanthropic (i.e. ecologically associated with humans) predominate as hosts of zoonotic emerging and re-emerging infectious diseases (EIDs). EIDs are diseases that are either novel, or have increased their distribution or pathogenicity in the last 30 years, and are of global concern (IOM 2003; WHO et al. 2004) . Zoonotic infections predominate among human EIDs, especially infections from wildlife (Jones et al. 2008; Taylor et al. 2001) . The rise in EIDs of wildlife origin may be due to an increase in human population, movement, and encroachment on natural environments, as well as anthropogenic landscape modification, globalisation of trade (including trade of wildlife) and changing climate (e.g. Childs et al. 2007; Morse 1995) .
The link between wildlife and EIDs is largely descriptive or conceptual (e.g. Daszak et al. 2000; Dobson et al. suggested (Jones et al. 2008 ) but biodiversity has also been shown to be protective (Ostfeld and Keesing 2000; Keesing et al. 2010) . Wildlife trade and consumption of bush meat provide opportunities for pathogen transmission and this is considered a potentially important transmission mechanism (Chomel et al. 2007; Engel et al. 2002; Swift et al. 2007; Webster 2004; Wolfe et al. 2005) . Global analysis of natural hosts of established zoonotic diseases suggests that species that historically had the most frequent and closest exposure with humans predominate, i.e. domesticated animals and synanthropic rodents (Cleaveland et al. 2001; Taylor et al. 2001; Woolhouse 2002; Woolhouse and Gaunt 2007) .
This study investigates the occurrence of EIDs since the term 'emerging infection' first appeared in life science literature databases in 1973. We focus on the link between wildlife and EIDs, especially wild mammals, analysing the role of synanthropy, here measured as recorded use of human-modified environments (HME) (IUCN 2010 ). We restrict the study to South East Asia, East Asia and Australasia, regions with a high incidence of zoonotic EIDs from wildlife in recent decades. These are also regions of extensive, ongoing natural habitat and biodiversity decline. We tested the hypothesis that wildlife species that tolerate human activity are more likely to exchange pathogens with us, and survive, even in the face of ongoing biodiversity loss.
METHODS
The study was conducted in three stages. The first stage was a systematic review of EID reports in literature covering the period 1973-2009 inclusive, using databases Scopus, CAB (Commonwealth Agricultural Bureaux) Abstracts and Web of Science. Papers were identified by key phrases-'emerging infectious disease(s)', 'emerging communicable disease(s)'-and by region and country. The 23 countries included were from South East Asia (Indonesia, Timor Leste, Malaysia, Singapore, Thailand, Vietnam, Cambodia, Laos, Myanmar, Philippines, Brunei), East Asia (China, Taiwan, Hong Kong, Japan, Korea) and Australasia (Australia, New Zealand, Papua New Guinea, Solomon Islands, Fiji, New Caledonia, Vanuatu). The review produced a large number of disease-specific or review papers on EIDs of humans in Australasia (192) , South East Asia (257) and East Asia (491). There were 104 emerging and re-emerging diseases identified.
The second stage involved description and summary of the identified EID reports, noting the occurrence of zoonoses and categorising them by host groups. The proportion of zoonotic emerging and re-emerging diseases and their sources were examined. Zoonotic diseases (n = 70) accounted for 67 % of the total and 63 % of these are zoonoses of wildlife origin (n = 44). Of these, 41 diseases were from wild mammals (see Fig. 1 ).
We restricted our third stage, the analysis of synanthropy, to mammals as they were identified as the primary host of 90 % of total zoonotic diseases identified in the literature (see Fig. 2 ). We examined the link between zoonotic wild mammal hosts to synanthropy when compared to non-zoonotic wild mammals in the same subgroup. The International Union for the Conservation of Nature (IUCN) Red List database was consulted to assemble a complete list of all possible mammals for the region specified above, noting the recorded use of artificial, HME. Attention was also taken of the IUCN conservation assessment for each mammal, allowing for final consideration of the empirical evidence on the link between zoonotic hosts, synanthropy and conservation status. We also examine whether synanthropy and hunting represent alternate or overlapping potential risks for transmission from these hosts.
Abstracts from the literature review were reviewed to exclude papers where the disease in question was not infectious or had not emerged or re-emerged in the study region since 1970 (Morse 1995) . Papers referring to zoonotic diseases were read in detail. Diseases were accepted as zoonotic where reservoir hosts were vertebrate animals and transmission pathways were established in the primary or cited literature. Information from the literature was organised in a database with disease, the unique identifier. The database included primary (definitive), intermediate and secondary host species, in addition to reservoir and amplification hosts. We included non-primary hosts in our database when identified as the source of zoonotic infection.
Host animals were identified at the levels of class, order and species. A total of 14 taxonomic orders encompass the mammalian fauna of the study region. However, the six most common were Artiodactyls (hoofed animals such as buffalo, goats, pigs), Carnivores (cats, dogs and their wild relatives), Chiroptera (bats), Eulipotyphla (small insectivorous mammals such as shrews), Primates (here used for non-human primates) and Rodents (including voles, gerbils, marmots, etc.) . Species names were corrected and grouped using the International Code of Zoological Nomenclature. Scientific names are not used in the text except where a species does not appear in Table 2 . Domestic animals were not included in the analysis of wild mammal hosts and synanthropy since the process of domestication of animals deliberately selects for a positive association with HME. These were identified within the source literature. Wild (feral) alternative domestic hosts of the seven EIDs from carnivores and artiodactyls were excluded (i.e. only hosts of sylvatic cycles are retained in the analysis).
The final analysis of relationships between wild mammal hosts of EIDs, synanthropy and conservation status required identification of hosts to species level. This enabled extraction of species-specific characteristics from the IUCN Red List of Threatened Species Categories and Criteria Version 3.1 (www.iucnredlist.org). The multiple potential mammalian hosts of emerging Australian arboviruses were excluded as the specific species responsible for driving emergence and re-emergence are unknown and therefore, cannot be included in this analysis. Marsupials (in taxonomic orders Diprotodonts, Dasyuromorphia and Peramelemorphia) are believed to be the primary hosts of these diseases (Harley et al. 2001; Johansen et al. 2005) .
Zoonotic hosts (and the balance of the total terrestrial native and introduced wild mammal fauna of the study region) were classified on the following criteria: taxonomic order, habitat use (including artificial (human-modified) habitats), conservation assessment, population trend and the conservation threat from hunting and trapping for intentional use or persecution/control (as an indication of potential pathogen exposure through this mode). These data are reported for the entire geographical distribution (range) of each species. The IUCN conservation assessments are based on criteria including population trend, size, structure and geographic distribution change to assess risk of population decline and extinction. See IUCN Red List (www.iucn.redlist.org) for details.
Chi-squared analysis was used to indicate if the observed relationship between the distribution of wild mammal species within taxonomic orders and their EID host status was likely to be due to chance. Then, for taxonomic order, HME use, conservation status and for threat from hunting, the relative odds of having these variables for EID versus non-EID hosts were calculated, showing the direction and strength of the host-factor association as an odds ratio (OR) and 95 % confidence interval. Potential confounding of the association between EID host status and human-modified habitat use was examined by stratifying separately by taxonomic order, and conservation status. This also allowed assessment of effect modification.
For stratified analyses, summary ORs and 95 % confidence intervals were calculated using the Mantel-Haenszel (MH) procedure for weighting and averaging stratumspecific ORs. The stratum-specific ORs for taxonomic status were compared for heterogeneity to detect any modification of the host-factor relationships, and to justify the use of the MH procedure. Epidemiological software Epi Info 3.5.1(CDC 2008), EpiTools (Sergeant 2009 ) and statistical software Graph Pad (Motulsky 2002) were used in analyses. The method of empirically weighted least squares was used to test for heterogeneity between the odds ratios in stratified analyses (Cox and Snell 1989) .
RESULTS
Overall 44 zoonotic EIDs of wild mammal origin were identified from the systematic literature review and 41 host species were identified from the 1,823 species of wild mammals recorded from the study region. The primary analysis of this study finds that wild mammal hosts of EIDs are 15 times more likely to use HME than other wild mammals in the study region (OR = 15.02; 95 % CI 5.87, 38.41).
We find that the distribution of wild mammal hosts of EIDs across taxonomic orders is marginally significantly different from the distribution of all wild mammal species (n = 1,823) in the study region (X 5 2 = 11.1, P = 0.049).
These include rodents (n = 19), bats (n = 14), primates (n = 3), carnivores (n = 3) and eulipotyphla (n = 2). Note the exclusion of domestic and feral artiodactyls and marsupials discussed earlier.
For the five EID host-containing taxonomic orders identified by the study (rodents, bats, primates, carnivores and eulipotyphla), the effect of synanthropy is independent of taxonomic order. Stratum-specific ORs for taxonomic order of hosts for the effect of synanthropy were not significantly different from the crude OR when weighted and averaged (OR MH = 14.49; 95 % CI 5.71, 45.74). The test for heterogeneity finds no significant difference between strata and hence the assumptions of the MH procedure are found to be valid. See Table 1 for stratum-specific results.
When the relationship between EID host and HME is stratified by conservation status (Least Concern vs. higher risk conservation categories) the crude OR is 15.2 but reduces in magnitude when weighted and averaged (OR MH = 10.26; 95 % CI 4.15, 33.05). Table 1 shows that the EIDs with higher risk conservation status (n = 4), are strongly associated with HME. Further, wild mammal EID hosts are eight times more likely to be classified as being within the Least Concern conservation assessment category (OR = 8.56; 95 % CI 3.04, 24.08) when this variable is examined separately.
The majority of wild mammal host species of EIDs in this study are within the IUCN category Least Concern (n = 37, 90.2 %). One species is listed as Near Threatened (large flying fox) and three as Vulnerable (southern pigtailed macaque, Lyle's flying fox and grey-headed flying fox). Population trend is unknown for 10 of the identified wild mammal EID host species. Only one species (bandicoot rat), has a population classed as increasing: the remainder are stable (n = 18) or decreasing (n = 12) (IUCN 2010) .
Habitat data provided by the IUCN Red List identify five species of wild mammal EID hosts which are not recorded as using HME. The remainder of species (36, or 88 %) use plantations (n = 25), rural gardens (n = 18), pastureland (n = 18), arable land (n = 17), urban (n = 14), degraded forest (14) or mines, tunnels and artificial roosting caves (n = 2) in addition to their natural habitat(s). This does not include any measure of frequency of HME use, but indicates the adaptive nature of these species. Only two species are considered to be nearly exclusively synanthropic, the brown rat and the Asian house shrew. The proportion of total wild mammals in the study area using HME is 33 % (616 species).
For the 41 EID host species under consideration, 16 (39.0 %) are described as under conservation threat of targeted hunting pressure within their habitat range (IUCN 2010). We report an increased risk of EID transmission associated with conservation threat from hunting (OR = 2.1; P < 0.05). Species under hunting pressure include the four species that are classified Near Threatened or Vulnerable. The five species of EID hosts not known from HME were also not recorded as under threat from hunting.
DISCUSSION
We demonstrate that wild mammals are the largest group of wildlife hosts of zoonotic EIDs in Australasia, South East Asia and East Asia and that this group is dominated by synanthropic wild mammals (OR MH = 14.49; 95 % CI 5.71, 45.74) . This pattern remains regardless of a species conservation status or taxonomic order. This suggests that it is the synanthropic species from any taxa that are most likely to be EID hosts.
However, this does not imply that the microbial fauna of synanthropic wild mammals is more pathogenic than animals that are not synanthropic (or of higher risk conservation status). Rather, we interpret this as a reflection of exposure opportunity, which accords with the findings of previous studies (Cleaveland et al. 2001; Taylor et al. 2001; Woolhouse 2002; Woolhouse and Gaunt 2007) . Intrinsic characteristics of the pathogens themselves, the modes of transmission required and the behaviours that affect these, limit successful transmission of pathogens from wildlife in proximity with humans and domestic animals (e.g. Childs et al. 2007; Pulliam 2008) . The small proportion of total wildlife, and of total synanthropic wild mammals, that are currently the source of emerging infectious diseases in the study region may reflect these limits.
Our use of the term 'synanthropy' is necessarily broad. In this study, given the constraints of available data, the use of human-modified habitats by wildlife includes all levels of feeding, shelter and social activity in these environments. Terms such as 'full-', 'casual-' and 'tangential-' have been used elsewhere for avian synanthropes (Johnston 2001) . Gradients of synanthropy of insect vectors and rodents have been examined in disease studies within particular settings (Elshazly et al. 2008; Forattini et al. 2000; Figueroa-RoaI and LinharesII 2004; Montoya et al. 2009; Nuorteva 1963) . We found it inappropriate to devise categories of synanthropy for a multi-region, multi-taxa study, and hence we present our results as a general finding. As described in the result section, host species may use multiple categories of human environments. Synanthropy is not an absolute, or fixed, state; it declines as fewer resources are provided by humans or by the landscapes they have modified (Shochat et al. 2006; Marzluff et al. 2008) . In our final analysis, we combined all categories of HME into a broad but robust term.
Wild mammal hosts of EIDs are more frequently found to be species of low risk conservation status. Whilst this status is not necessarily synonymous with a species being numerous or frequently encountered, it includes many such species. Within data limitations, our analyses suggest that being of Least Concern conservation status is positively correlated with HME use. Meanwhile, the relationship with synanthropy remains strong at all levels of stratified variables (taxa and conservation status), indicating that any potential confounding or effect modification is of limited importance effecting this analysis.
The data used in this study did not allow extended examination of all opportunities for human exposure through hunting (e.g. consumption and persecution of abundant, pest species). We do report a positive association where hunting is recorded as a conservation threat for EID hosts. This overlaps the hosts for which synanthropy, and conservation risk, are also determinants. Hence, it does not appear here to be a mode of transmission from more elusive, non-synanthropic animals but may represent the mechanism for a proportion of the transmission from synanthropes in this region. Hunting is a serious and escalating threat to many species of wild mammals in both high and lower risk conservation categories, particularly in South East Asia (IUCN 2010). The relative importance of synanthropy, hunting, conservation status and EID risk is a topic for further research. Building more complex models with these data is limited by the small number of EID hosts in some strata of this analysis (particularly where the risk factor of interest is absent).
In this study, five EID host species were listed as neither hunted or as using HMEs, suggesting further modes of transmission. These species may be important in the maintenance of the pathogen, including transmission to synanthropic (or hunted) species. This appears to be the case with regard to the yellow-bellied sheath-tailed bat and Australian bat lyssavirus where most human exposure occurs through transmission from synanthropic fruit bats (Field 2005; McCall et al. 2000) , and may be so for the lesser horseshoe bat and SARS coronavirus (Janies et al. 2008; Lau et al. 2010; Tu et al. 2004) . Two of three species of rodent in this category are listed as periodic agricultural pests (Afonin et al. 2008 ) following disruption of their natural habitat. For example, reed vole populations in China surged after the construction of the Three Gorges Dam combined with the over-hunting of reptile predators (Wang et al. 2009; Yan et al. 2010 ). An assessment of change in synanthropic attributes over time was not possible in this study and so we cannot explain the documented rise in zoonotic EIDs from wildlife (Jones et al. 2008 ). However, like other regions of high (mammal) biodiversity, South East Asia, East Asia and Australasia have accelerated land transformation and biodiversity loss. Many species are under strong selection pressure to accommodate human environments. We consider that this is why our findings concur with evidence that high mammal diversity is a predictor of zoonotic EIDs (Jones et al. 2008) . Simplified human ecosystems that replace natural systems are typically characterised by reduced diversity of animal species with increased number of individual animals (Bradley and Altizer 2007; Meade and Earickson 2000) . This may facilitate pathogen amplification and host switching in addition to the physical opportunities for human and livestock exposure (Keesing et al. 2010) .
The results of this study, while robust, should be interpreted cautiously. The study region represents a broad spectrum of different surveillance capabilities across time, space and cultures. Although we did not try to correct for reporting bias, as our interest is in the identification and characteristics of hosts, we believe that our study has face validity. That is, similar numbers of EIDs are found in other reports, some spanning longer periods or global in extent (e.g. over 55 EIDs were identified by IOM as threats to the United States in 1992 (IOM 1992); 145 zoonotic wildlife EIDs were identifies globally 1940-2008 (Jones et al. 2008) , 87 new human diseases identified since 1980 (Woolhouse and Gaunt 2007) .
Furthermore, we found similar proportions of EIDs to be zoonotic and in wildlife hosts (67 % zoonotic, 63 % of these from wildlife) as in other studies analysing global data (e.g. 60.3, 71.8 %, respectively (Jones et al. 2008) ). Elsewhere 75 % of EIDs are found to be zoonoses . In an earlier global study of novel diseases since 1980, the majority of zoonotic hosts (domestic and wildlife) reported were also mammals, particularly artiodactyls, carnivores and rodents; but also bats, primates, birds and marsupials, respectively (Woolhouse and Gaunt 2007) . These results are shown as an overlay on Fig. 1 . This approximates the results of our study, although the dramatically greater contribution of rodents is a consequence of our inclusion of re-emerging diseases. As discussed earlier, marsupials are excluded, contributing to the marginally significantly different distribution of EID hosts across orders compared to the total mammalian fauna of the study area. The conspicuous lack of EID hosts from the species-rich marsupial order Diprotodonts in Fig. 2 is also a result of this exclusion.
We have considered and examined the several ways in which relationship bias might have entered this dataset and hence analysis, as a consequence of various literature-searching, field-sampling and inclusion/exclusion criteria. We judge, however, that there is no likely significant bias of this kind. A few points require further comment.
We have examined a larger group of hosts by the inclusion of hosts of re-emerging diseases, than if only novel (predominantly bat) hosts were included. This strengthens the association with synanthropy. However, our hypothesis is also supported by the predominance of synanthropic hosts for the novel bat diseases (Table 1) . We have accepted different sampling and diagnostic methods used to identify hosts within the literature: detailed phylogenic analysis was rarely available. Some hosts of reemerging diseases may not be the original source of the pathogen, and may be hosts to multiple (adapted) diseases (e.g. Easterbrook et al. 2007 ). We include these in the list of EID hosts (Table 2) where the ecology of a disease in some part of the study region depends on such a species for emergence or re-emergence.
Studies to identify the wildlife hosts of zoonotic EIDs may be biased by opportunistic wildlife sampling, therefore favouring common and synanthropic species. However, the literature reviewed in this study provides ample evidence of extensive searches for wild or domestic hosts, including zoological collections, wildlife markets and extensive field sampling (e.g. Cheng et al. 2007; Johansen et al. 2005; Kariwa et al. 2007; Vanittanakom et al. 2006; Webster 2004, etc.) . None of the reported sampling strategies have been 
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Hantavirus with Renal Syndrome (Seoul V), Angiostrongiliasis; Leptospirosis Kariwa et al. (2007) , Prociv et al. (2000) , Yanagihara et al. (2007) Black rat
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Alveolar echinococcosis (Japan) Takahashi et al. (2005) Bandicoot rat
Bandicota indica
Hantavirus with Renal Syndrome (Thailand V) Kariwa et al. (2007) Striped field vole
Apodemus agrarius
Hantavirus with Renal Syndrome (Hantaan V), Tick-Borne Encephalitis TBEV (S Korea) Kariwa et al. (2007) , Kim et al. (2008) Chinese white-bellied rat
Niviventer confucianus
Hantavirus with Renal Syndrome (Hantaan V) Kariwa et al. (2007) Southern red-backed vole
Myodes regulus
Hantavirus with Renal Syndrome (Puumala V) (Korea) Kariwa et al. (2007) Northern red-backed vole
Myodes rutilus
Alveolar echinococcosis (Japan) Takahashi et al. (2005) Hokkaido red-backed vole
Myodes rex
Alveolar echinococcosis (Japan) Takahashi et al. (2005) Grey red-backed vole
Myodes rufocanus
Hantavirus with Renal Syndrome (Puumala V), Alveolar Echinococcus; Human babesiosis, Tick-Borne Encephalitis Takahashi et al. (2005) , Suzuki (2007) , Takeda et al. (1999) .
Small Japanese field mouse mouse
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Alveolar echinococcosis, Leptospirosis (Japan) Takahashi et al. (2005) , Yanagihara et al. (2007) Large Japanese field mouse
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Leptospirosis, Babesia microti disease, TickBorne Encephalitis (Japan) Wei et al. (2001) , Takeda et al. (1999) , Yanagihara et al. (2007) Hoary bamboo rat
Rhizomys pruinosus
Penicillium maneffei disease Vanittanakom et al. (2006) Indomalayan bamboo rat
Rhizomys sumatrensis
Penicillium maneffei disease Vanittanakom et al. (2006) Chinese bamboo rat
Rhizomys sinensis
Penicillium maneffei disease Vanittanakom et al. (2006) Lesser bamboo rat
Cannomys badius
Penicillium maneffei disease (South East Asia) Vanittanakom et al. (2006) Reed vole (Field mouse)
Microtis fortis
Leptospirosis, also Hantavirus (Khabarovsk virus) in adjacent Russia. Kariwa et al. (2007) Himalayan marmot
Marmota himalayana
Plague (China) Li et al. (2005) Big gerbil
Rhombomys opimus
Cutaneous leishmania (China) Li-Ren et al. (1995) 
Suncus murinus
Hantavirus (Thottapalayam v) (India, Thailand); Leptospirosis (Japan) Kariwa et al. (2007) , Yanagihara et al. (2007) Long clawed shrew
Sorex unguiculatus
Alveolar echinococcus (Japan) other Takahashi 
Carnivores Red fox
Vulpes vulpes
Alveolar echinococcus (Japan) Eckert et al. (2000) Racoon dog
Nyctereutes procyonoides
Cutaneous leishmania, Rickettsia japonica. R.typhi, Rabies (Korea); possible role in SARS amplification Camer and Lim (2008) , Kim et al. (2006) , Tu et al. (2004) , Zhi-Biao (1989) explicitly based on an assumption of synanthropy as defined in this study. Our central hypothesis that synanthropy is a dominant characteristic of wild mammal EID hosts should be examined in other geographic regions. Future research should also focus down at disease and location levels, in order to understand the temporal and interspecies relationships within the landscape. We suggest that our broad approach can be used as a template for further integrated research.
Expanding HMEs and hunting are not only potential drivers of EIDs from wildlife, they are also major causes of biodiversity loss of wild mammals (IUCN 2010) . The links between the latter and the rise of zoonotic EIDs from wildlife should be further explored as interdisciplinary research capacity gathers momentum (e.g. Sala et al. 2009; TEEB 2010) . Our finding of a negative consequence of ecological disruption supports the evidence that intact ecosystems have a disease-regulating role (MEA 2005) .
CONCLUSION
Australasia, South East Asia, East Asia are three diverse regions that are the focus of much attention in the global rise of EIDs. We have confirmed the results from previous studies that the majority of EIDs are zoonotic and that EIDs of wildlife origin, predominantly from mammals, are the majority of these. We have demonstrated strong associations with synanthropy by analysing the attributes of wild mammal hosts of EIDs, the latter identified through a systematic literature review. Attributes of wild mammals were extracted from IUCN biodiversity data. We also demonstrate associations with low risk conservation status and threat from hunting. We hypothesise that human-induced landscape change inadvertently selects for synanthropic wild mammals and increases our exposure to their pathogens. This suggests a mechanism by which accelerating habitat and biodiversity loss is driving the rise of this group of EIDs. The suite of synanthropic species may change as our human environments change. This is likely to be a determinant of future EIDs of wildlife origin. 
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